ABSTRACT
INTRODUCTION
Interest in using natural and artificial wetlands to treat municipal, agricultural and industrial wastewaters has increased substantially since the 1980s. The main advantage of wetlands over the conventional treatment technologies is the low cost of implementation and management, since the processes of pollutant removal are based on naturally-occurring ecological processes. The main components of wetland systems are the substrate, the microbial community, and the vegetation, which together act in the treatment of wastewaters through the interaction of many abiotic (e.g. filtration, sedimentation, precipitation, adsorption) and biotic processes (e.g. organic matter mineralization, nutrient absorption, nitrification and denitrification). These purification processes are influenced by a complex set of factors, ranging from regional (e.g. temperature, photoperiod), to local (e.g. hydrology, substrate and vegetation type) and microscopic scales (e.g. microbial processes, molecular diffusion) (IWA, 2000; Stottmeister et al., 2003) . Owing to the complexity of factors governing the processes of wastewater purification, it has been challenging to understand and predict the effects of wetlands upon eutrophic effluents (Wiessner et al., 2005a (Wiessner et al., , 2005b Lymbery et al., 2006; Sindilariu et al., 2007; Borges et al., 2008) . The wide flexibility in constructed wetlands design and operation adds to the challenge (IWA, 2000; Stottmeister et al., 2003) . Recently, many studies have produced important information about basic factors affecting purification processes such as oxygen flow (Wu et al., 2001) , redox potential (Wiessner et al., 2005a) , sulfur cycle (Wiessner et al., 2005b) , salinity (Lymbery et al., 2006) , and vegetation dominance (Maine et al., 2007b) . Beyond allowing an effective technological application for wetland systems, this knowledge can be fundamental in the area of conservation and management of natural wetlands (Sundareshwar et al., 2003) . Based on both economic and environmental demands for more sustainable production practices (e.g., Baccarin and Camargo, 2005; Ramos et al., 2009) , the aquaculture community has constructed wetlands as a promising option to deal with its wastewaters, which have eutrophic characteristics. However, there is still a lack of knowledge to allow complete understanding and optimization of key processes such as organic mineralization, nitrification, denitrification, and phosphorus removal (Lin et al., 2005; Lymbery et al., 2006; Sindilariu et al., 2007) . Studies about the treatment of marine (Sansanayuth et al., 1996) or brackish (Tilley et al., 2002) aquaculture wastewater by constructed wetlands are scarce. The aim of the present work was to evaluate, on an experimental scale, the performance of vertical flow constructed wetlands (VFWs) with free water column, with and without the emergent halophyte Spartina alterniflora, in treating effluent from marine shrimp postlarvae culture. 
MATERIAL AND METHODS

Culture of shrimp postlarvae
Design and operation of the pilot VFWs
The experimental units comprised eight VFWs made with synthetic fiber containers, measuring 73 x 73 x 40 cm (length x width x height), filled with 12 cm of crushed oyster shells (diameter 5-20 mm, porosity 63%) and 13 cm of beach sand (average diameter 0.5 mm, effective diameter 0.2 mm, uniformity coefficient 3.5, porosity 31%) (Fig. 1) . Each wetland cell was equipped with an air-lift type of recirculation system (a mechanism commonly applied in aquaculture tanks and aquariums to promote the vertical circulation of the water) composed of a rail of bored pipes (diameter 2.5 cm), laid on half of the container bottom (Fig. 1B) , connected with a vertical pipe crossing the substrate and ending with a horizontal outlet pipe (Fig. 1) . A fine hose attached to a tap supplied air from the air compressor of the shrimp culture into the vertical pipe. When the wetland cell was filled (with 110 L of effluent, maintaining a free-water column of 10-12 cm), the air injected in the vertical pipe induced water flow through the recirculation system from the bottom up to 5 cm above the surface, spilling water onto the wetland center by the outlet pipe. Controlled by the air faucet, the water flow rate was regulated to 0.3 L min -1 (hydraulic residence time of 6 h). Four wetlands cells were planted with 18 kg FW of Spartina alterniflora per m 2 (VFW-A) and the remaining cells were left unplanted (VFW-B). The wetland cells were placed outdoors, near the culture tanks. The effluent was pumped from the drainage channel of the culture tanks to a plastic reservoir of 1.2 m 3 and then distributed by gravity to the wetland cells (Fig. 2) . Each wetland was filled at a flow rate of c. 1 L min -1 until reach 110 L, totalizing c. 2 h of filling until the activation of the recirculation system. The wastewater was left under treatment during one week and then the wetlands were drained at night and filled again in the next morning to treat a new effluent load. This pattern of operation was followed for four weeks (March -April 2002) . 
Sampling and analysis
In April, during the supply of the fourth effluent load (fourth week of wetlands operation), at 7:00 AM, a sample survey was initiated to evaluate the effect of the VFW-A and VFW-B upon water physico-chemical variables over 36 h of treatment. Water samples were collected for analyses from the gross effluent (time 0 h, n = 3) and at the outlet pipe of each wetland at 6, 12, 24 and 36 h after the effluent supply, but dissolved oxygen and pH were measured more frequently (e.g. at intervals of 3 h). The water samples were analyzed for temperature, dissolved oxygen (DO), pH, salinity, turbidity, inorganic (ISS) and organic suspended solids (OSS), total nitrogen (TN), ammoniacal nitrogen (ammoniacal-N), nitrite (NO 2 -N), nitrate (NO 3 -N) and orthophosphate. Temperature, dissolved oxygen, pH and salinity were determined using a multi-parameter device (YSI, MP556 model). Turbidity was measured with a turbidimeter (HACH, XR model) expressed in nephelometric turbidity unit (NTU). Inorganic and organic suspended solids were determined gravimetrically (APHA, 1998). A known water volume was filtered through a 0.45 µm glass-fiber Whatman GF/C filter, previously dried (110°C) and weighed. Later, filters were dried for 24 h at 60°C. Total suspended solids were the difference between the filter's final and initial weights. Organic solids were determined by the loss of weight after combustion of the sample at 500°C for 12 h. Total nitrogen was analyzed by the titrimetry (Kjeldahl method) (APHA, 1998). A spectrophotometer (Alfakit, AT-100PB model) was used for the analysis of ammoniacal nitrogen, determined by indophenol (Parsons et al., 1984) , nitrite, by diazotation method, nitrate, by reduction in a Cd-Cu column followed by diazotation, and orthophosphate, by the molybdenum blue method (Grasshoff et al., 1983) . Two-way ANOVA with repeated measures was applied to infer the effects of wetland type (VFW-A and VFW-B) and time of treatment (0, 6, 12, 24 and 36 h) upon the water variables. The analysis was constrained to a significance level of 0.05, using Statistica 7 software.
RESULTS
On the first day of sampling, the maximum radiation was 0.94 MJ (at 1 PM), decreasing on the second day to 0.23 MJ (at noon) due to cloudy conditions, while evaporation (Pichê) was 3.7 mm for both the days (data from INMET -EPAGRI -SC). The average water temperature was 25.7 o C on the first day and decreased to 22.1 o C on the second. The two-way ANOVA pointed to significant effects of effluent treatment (time effect) upon all the variables, with exception for inorganic solids (Table 1) . VFW-A differed statistically from VFW-B in regard to dissolved oxygen, pH, turbidity, nitrite, nitrate, orthophosphate and salinity. Interactions among the effects of time and wetlands were shown for oxygen, pH, nitrite, nitrate and salinity. VFW-B sustained higher values of oxygen and pH than VFW-A (Fig. 3A-B) . The lowest oxygen levels in VFW-A (1.7 + 0.7 mg L -1 ) and VFW-B (3.8 + 0.5 mg L -1 ) were measured at 3 h of treatment (favoured by the water stagnancy before the full supply of effluent and activation of the recirculation). After that oxygen gradually increased, especially in VFW-B. The mean oxygen concentration on the first day was 4.2 + 1.4 mg L -1 for VFW-A and 5.4 + 0.9 mg L -1 for VFW-B, rising in the second day to 5.9 + 0.7 and 7.3 + 0.8 mg L -1 , respectively. The pH levels oscillated, tending to increase in daylight and decrease at night (Fig. 3B , note that 0 h corresponded to 7:00 AM, see methods). Nevertheless, the wetlands were well buffered and variations were not large.
Minimum and maximum pH values recorded in a wetland cell were 7.5 -8.0 for VFW-A and 8.0 -8.6 for VFW-B. The concentration of inorganic solids in the gross effluent was reduced in 89% by VFW-A and 71% by VFW-B after 36 h of treatment (Fig. 3C ), but these differences were not statistically significant (Table 1) due to a large data variance, mainly for VFW-A. Organic solids were reduced by 50% by VFW-A and 80% by VFW-B after 6 h of treatment, and reached reductions of 82 and 96%, respectively after 36 h (Fig. 3C) . Turbidity was reduced by 52 and 68% after 6 h, and 81 and 89% after 36 h by VFW-A and VFW-B, respectively (Fig. 3D) . Total nitrogen showed reductions of 66% in VFW-A and 76% in VFW-B after 6 h, but these efficiencies decreased to 51 and 63%, respectively, with 36 h (Fig. 4A) . Ammoniacal nitrogen was reduced 52% by VFW-A and 59% by VFW-B in 6 h, reaching 82 and 92%, respectively, after 36 h (Fig. 4B) . Nitrite was gradually removed by VFW-A until stabilize to 75% reduction at 24 h of treatment (Fig. 4C ). In the VFW-B, nitrite had a drastic increase of 819% at 6 h, staying in the range of 0.42 -0.75 mg L -1 between 6 and 24 h and then a smooth decline from 24 to 36 h, which represented an increase of 495% in relation to the untreated effluent. Nitrate in the VFW-A declined 55% at 12 h, but this reduction decreased to 35% at 36 h (Fig. 4D) . In the VFW-B, nitrate tended to increase until 24 h, reaching 106% higher than in the gross effluent, but at 36 h, it was reduced 42% in relation to the gross effluent. Orthophosphate was reduced by 50% in VFW-A and 26% in VFW-B after 6 h, reaching 64 and 59%, respectively after 36 h (Fig. 4E) . The salinity increased 7% in VFW-A and 11% in VFW-B after 6 h and then stabilized with a 6% increase until 36 h in both the wetlands (Fig. 4F) . 
DISCUSSION
Emergent macrophytes such as S. alterniflora are able to affect the biogeochemical cycles in the interstitial water through the release of oxygen from their roots (Howes et al., 1981; Colmer, 2003) . However, studies have shown that the oxygen provided by the plants alone could not meet the demand of purification processes such as organic mineralization and nitrification in subsurface flow constructed wetlands applied to treat eutrophic wastewaters, suggesting that the main source of oxygen was from atmospheric diffusion (Bowmer, 1987; Wu et al., 2001) . In the present study, wetlands without emergent macrophytes (VFW-B) showed the highest levels of oxygen. This result was likely promoted by a larger gas diffusion due to the free wind action on the atmosphere-water interface, as well as by elevated algal photosynthetic activity (filamentous algae and the macroalgae Enteromorpha sp. flourished in VFW-B) propitiated by the high incidence of solar radiation over the water column in VFW-B, while VFW-A units were sheltered by S. alterniflora. The nitrogen removal by the VFWs (> 51%) could be attributed to several processes such as filtration of organic particles, biological assimilation, denitrification and NH 3 volatilization (IWA, 2000) . The present results are comparable to the ones supported by Sansanayuth et al. (1996) , which showed nitrogen reductions of 48 -61% treating the effluent from marine shrimp culture containing nitrogen concentrations (4.4 -4.8 mg L -1 ) close to those applied in the present study. The VFW-A and VFW-B were fairly efficient in treating the ammoniacal nitrogen. In addition to biotic assimilation, the better performance of VFW-B (even though without statistical significance, p = 0.08) was possibly promoted by its high levels of oxygen and pH (often above 8.0), favoring nitrification and NH 3 volatilization, respectively (IWA, 2000) . Studies utilizing a natural mangrove wetland (Gautier et al., 2001 ) and a free water surface flow constructed wetland (Tilley et al., 2002) to treat the brackish effluent from shrimp culture recorded ammoniacal nitrogen increases likely due to dissolved oxygen limitations to effectively sustain sequential processes of mineralization and nitrification (Herbert, 1999; Chen et al., 2006) . As confirmed in this study, the artificial wetlands with subsurface flow usually reached high ammoniacal nitrogen removal from aquaculture effluents (Schultz et al., 2003; Lin et al., 2005; Sindilariu et al., 2007) . Heterotrophic bacteria have a competitive advantage over nitrifying bacteria, hence the available oxygen is preferentially utilized for organic mater mineralization instead of ammoniacal nitrogen oxidation (Herbert, 1999; Chen et al., 2006) . For the entire oxidation of ammoniacal nitrogen, which occurs via the transformation to nitrite, principally by the action of Nitrosomonas, then to nitrate by Nitrobacter, sufficient oxygen is also necessary. Nitrobacter are more sensitive to oxygen shortage than Nitrosomonas, which favors the accumulation of nitrite in biofilters (Chen et al., 2006) . Formation of nitrite in the VFW-B had already occurred at the sixth hours of treatment, while nitrate only increased after 24 h. It was probable that on the first day the dissolved oxygen was just sufficient to permit the simultaneous actions of heterotrophic bacteria and Nitrosomonas. On the second day, with the labile organic compounds already mineralized and ammoniacal nitrogen almost depleted, there was oxygen availability to allow the action of Nitrobacter. In another way, the lower oxygen levels in the VFW-A appeared to favor the denitrifying processes, though the small increase of nitrate at 24 h showed the existence of some nitrification activity in these wetlands. Sequential processes of nitrification and denitrification, which occurs by the passage of the wastewater through oxidative and reductive zones, resulting in nitrogen volatilization, are one of the main purification phenomena in wetlands (IWA, 2000) . However, in wetlands applied for the aquaculture, these processes have not been easily predicted and optimized (Schulz et al., 2003; Lin et al., 2005; Sindilariu et al., 2007) . For example, Lin et al. (2005) related the storage of nitrate in a constructed wetland linked with a shrimp culture to a high hydraulic loading rate and scarcity of organic carbon, but it also could be due to high oxygen concentrations preventing denitrifying activities. The present results suggested that the nitrification and denitrification processes could be optimized by the control of oxi-reducing conditions, which was affected by oxygen availability. As an ecological system, artificial wetlands experience auto-organizing processes, such as ecological succession, in which organisms better adapted to the prevailing environmental conditions (e.g. in terms of resource allocation) naturally develop and dominate the habitat (IWA, 2000; Tilley et al., 2002; Maine et al., 2007b) . The VFW-B demonstrated this ability with the development of filamentous algae and macroalgae (Enteromorpha sp.) in the water column. Several studies have shown the suitability of submersed macroalgae for treating the mariculture wastewaters MartinezAragón et al., 2002; Neori et al., 2004; Hayashi et al., 2008; Marinho-Soriano et al., 2009) . Besides assimilating nutrients, through photosynthesis, macroalgae can elevate oxygen and pH levels (Porrello et al., 2003; Msuya et al., 2006) and propitiate processes of mineralization and nitrification. The oyster shells employed as wetland substrate are basically made of CaCO 3 . The phosphorus cycle in wetlands may be influenced by the coprecipitation of phosphate with CaCO 3 in cases of pH increase, as well as by dissolution of phosphate when pH decreases (Wetzel, 1983; Dierberg et al., 2002; Maine et al., 2007a) . The courses of pH and orthophosphate levels throughout the treatment in the VFW-B (see Figs. 3A and 4E) were likely an evidence of these phenomena. Similar to Sansanayuth et al. (1996) , this study also found higher orthophosphate removals by wetlands with macrophytes, despite the lower pH values. Besides the assimilation by S. alterniflora, anaerobic heterotrophic bacteria (e.g. denitrifying bacteria) can play an important hole in the cycle of phosphorus (Barak et al., 2003; Sundareshwar et al., 2003) and also could have absorbed substantial amounts of orthophosphate in the VFW-A. In concern to the salinity increases observed in the wetlands, evaporation processes can lead to salt storage especially in wetlands used for the treatment of saline wastewaters (e.g. Sansannayuth et al., 1996) and washing salts with low-salinity water is the most obvious technique to mitigate the problem.
CONCLUSIONS
The pilot wetlands attained good levels of pollutant removal. Wetlands with S. alterniflora reached larger orthophosphate removal and showed denitrification tendencies, while wetlands without emergent macrophytes had higher levels of oxygen and pH, favoring mineralization of organic matter, nitrification and NH 3 volatilization. Results demonstrated the potential of constructed wetlands to treat the mariculture effluents and highlighted the role of oxygen as a main driver regulating the processes of pollutant removal, especially those related to oxidation and reduction phenomena.
